the dominating one. Because the cross section of Compton scattering is proportional to , considering that Z/A is the approximate constant of 0.5 for most elements, it is easy to deduce that the information provided by X-ray attenuation is the integrated mass thickness on the path of transmitting photons, so elemental composition is not possible with a single energy X-ray imaging technique. Dual energy X-ray (9/6 MV, 7/4 MV or 6/3 MV) imaging, which is an enhanced version of single energy X-ray imaging, explores the transmission nuance of inspected materials of different Z but same mass thickness that is mainly caused by the cross section difference of pair production in high energy region to separate materials [2] . However, due to the continuous property of bremsstrahlung spectra and predominant photoelectric process in low photon energy and high Z region, the materials separation by dual energy imaging works only in large mass thickness range ( for 7/4 MV dual energy imaging with dose rate of 400 rad/min@1 meter, for instance), heavy metal (like Pb, U or Pu) of small mass thickness can not be discriminated by this technique effectively. Not only that, the more fundamental drawback of X-ray based technique is its modest sensitivity to low Z materials because the cross section of all photoatomic interactions are proportional to with . Neutron, as the other neutral particle, can access nuclei of the inspected material without coulomb repulsion and interacts with nuclei. Neutron reactions are isotope related and some low Z elements that are not sensitive to X-ray method can be analyzed with high sensitivity. Both fast neutrons and thermal neutrons are used to penetrate and/or activate inspected materials [3] , [4] . The attenuation of fast neutrons caused by inelastic/ elastic scattering may be used to form the neutron penetrating image [5] . The characteristic -rays produced by radiative capture of thermal neutrons can provide the fingerprint signal of interested elements. Fission induced by fast or thermal neutrons may generate prompt fission neutrons/photons and -delayed neutrons/photons that will indicate the existence of nuclear material. The energy selective resonance of fast neutrons ((D, D) neutrons of different emitting angles) helps the isotope selective imaging of some light elements (C, O and N) with whose concentrations the existence of explosives may be notified [6] .
Compared with widely deployed LINAC X-ray sources, neutron sources usually suffer from the low yield and short life-span. Though reactor or GeV proton accelerator based neutron sources show extremely high neutron yields, they are not suitable for the application of homeland security for their large footprints and high costs. The popularly applied neutron sources are and (D, T) neutron generator. Both of them have low neutron yields (usually ) and short life-spans 0018-9499/$31.00 © 2013 IEEE ( of : 2.65 years; service life of neutron generator: yield) [7] . To make use of the information provided by neutron interactions, a high yield, robust and low cost neutron source should be available at first. In this paper, we present the research of incorporating photon and neutron sources in one system to realize both photon and neutron based interrogation simultaneously. The unused MeV photons in X-ray imaging system are partially converted (with a quite low intrinsic converting efficiency) to photoneutrons that will be further thermalized to induce radiative capture -rays. Elemental information extracted from -rays spectra will be fused with X-ray image to achieve enhanced contrabands detection capability. Fig. 1 is the system layout. A 7 MV LINAC works at the repetition frequency of 160 Hz and pulse duration is used as the radiation source. The maximum dose rate is 400 rad/ min@1 meter. A CsI detector array placed 4.9 meters away from electron target is used to measure the transmitting X-rays. Because the CsI detector array subtends a very small solid angle at the electron target, only 0.034% (simulated by MCNP5) of all photons are used to form X-ray image, though the emission of bremsstrahlung photons favors forward direction. The majority of the other 99.66% photons are all deemed as poisons that should be shielded to suppress the scattering background.
II. SYSTEM OVERVIEW AND PHOTONEUTRON PRODUCTION

A. System Overview
Shown in
B. Photoneutron Production
Though its cross section is usually two orders of magnitude smaller than photoatomic interactions, photonuclear reactions do exist. As one of the photonuclear reactions, photoneutron reaction leads to the absorption of energetic photon by the target nucleus and the emission of neutron whose energy is the energy of incident photon less the threshold energy and recoiled energy of heavy reaction product. The unused photons in X-ray imaging then could be converted to neutrons with photoneutron reaction if appropriate convertor is applied. Considering the average energy of 7 MV X-ray is only 1.49 MeV and photoneutron reaction has a threshold larger than 1.67 MeV but smaller than (the average binding energy of nucleons in the nucleus), not every photon has the chance to be converted to the photoneutron. To make full use of the bremsstrahlung spectrum, nuclides with smallest photoneutron threshold should be chosen for the conversion. and have the smallest threshold of 1.67 MeV and 2.223 MeV respectively, and hence they are selected to produce photoneutrons. A 20 kg heavy water photoneutron convertor has been manufactured and of photoneutron yield was achieved [8] . In this system, we utilize the more robust metal, beryllium, as the convertor to produce photoneutrons. The convertor is 2.6 kg and shaped as a cylinder of . When 7 MV LINAC works at the dose rate of 400 rad/min@1 meter, the measured photoneutron yield is larger than [9] . Fig . 2 gives the simulated photoneutron spectrum of the convertor with 7 MV X-ray. The average energy of photoneutrons is 0.35 MeV and only 10% of them with energy larger than 1 MeV. Radiative capture is hence the only reaction that could be used to induce the fingerprint prompt -rays to interrogate the inspected materials. Photoneutron imaging technique that measures the elastic scattering caused attenuation of photoneutron beam has been realized [9] . In this paper, we elaborate the implementation of elemental distribution analysis based on radiative capture -rays measurement.
III. MEASUREMENT OF PHOTONEUTRON INDUCED RADIATIVE CAPTURE GAMMAS
The radiative capture reaction has larger cross section at lower energy with 1/v rule, so photoneutrons should be moderated effectively at first. In Fig. 1, 15 cm graphite is plated on the inner surface of concrete wall of the laboratory to decelerate fast photoneutrons. Graphite has small mass number and small thermal neutron absorption cross section (3.4 mb@25.3 meV), and hence is a suitable moderating material. Photoneutrons will be fully thermalized and stay in the environment until they are absorbed by inspected materials or graphite wall. Each X-ray pulse gives the birth to a photoneutron pulse at the same time that will be finally moderated to a temporally longer thermal neutron pulse. Because of the low absorption cross section of , the lifetime of photoneutrons in the environment might be as long as decades of milliseconds. Fig. 3 gives the counter measured curve of thermal neutron count rate versus time delay after each pulse when LINAC works at the repetition frequency of 5 Hz. It can be seen that thermal neutrons can last at most 20 ms after each X-ray pulse. When LINAC works at higher repetition frequency, the thermal neutron count rate curve shown in Fig. 3 will be overlapped. Fig. 4 gives the same measurement result as Fig. 3 but with the repetition frequency of 160 Hz. It can be seen from Fig. 4 that the thermal neutron count rate after the X-ray pulse is approximately flat that indicates the count rate of radiative capture -rays will also be temporally constant.
Radiative capture -rays induced by thermalized photoneutrons will be registered by the NaI(Tl) detector array. Totally 16 Saint-Gobain manufactured NaI(Tl) detectors of are used and divided as two arrays (eight detectors are in back-side and the other eight detectors are in front-side). To suppress the background caused by capture -rays from environment or neutron induced prompt -rays and signals in NaI(Tl) crystal [10] , each NaI(Tl) detector is well shielded with 15 cm Pb (all directions except the direction facing to inspected materials) and 10 cm polyethylene (all directions) that is doped with 5 wt% (see Fig. 1(c) for the detail). Lead also plays the role of collimator with aspect ratio of 30 cm (length)/15 cm (diameter). With this configuration, the nominal measured -rays by NaI(Tl) arrays would be the -rays of inspected materials and counter measured thermal neutron count rate after each X-ray pulse. LINAC works at the repetition frequency of 160 Hz. Thermal neutron count rate of neighbored pulses are overlapped to form a flat curve. the capture -rays produced inside shielding materials that is not fully absorbed by shielding materials itself. Additional lead shielding should be mentioned (but not plotted in Fig. 1 ) is the 20 cm thick lead (with a 2 mm slit for imaging X-ray fan beam) enclosing the electron target. Hence there are 35 cm of lead for the protection of the NaI(Tl) detector from intense X-ray pulses emitted by the electron target.
As the byproduct of photons, photoneutrons are emitted within the same duration of the X-ray pulse. The huge number of photons of each pulse introduces intense scintillation background inside NaI crystal so inelastic neutron scattering induced -rays cannot be measured. As shown in Figs. 3 and 4 , photoneutrons are well thermalized (long lifetime means well thermalized) so thermal neutron radiative capture -rays could be effectively registered by NaI(Tl) detector array. Fig. 5 gives the digitized signal waveform from the preamplifier of a NaI(Tl) detector. X-ray pulse n and pulse are the signals of two neighbored X-ray pulses. During the time interval of the two pulses, many signals of radiative capture -rays can be seen. The time window of after each pulse is used to register these photons when LINAC works at the repetition frequency of 160 Hz. A self-designed MCA circuit of 10 bit and 250 kHz sampling rate is used to record the pulse height distribution of 16 detectors simultaneously. To understand the measured spectra, priori knowledge is needed. Though the NaI(Tl) is well shielded, several background -rays still has possibility to be detected. One of the background -rays is 2.223 MeV that is produced by the radiative capture of in the neutron shielding material of doped polyethylene with neutrons that are thermalized in this material.
in the doped polyethylene can not absorb all the thermalized neutrons. 1.75% of the thermal neutrons will be captured by , so the 2.223 MeV is always present in the background spectrum. Another background is 7.64 MeV of . This actually is two photons of 7.631 MeV and 7.646 MeV that are too close to be separated by the NaI(Tl) detector. The presence of iron in this system is not necessary from the point of view of physics. Its presence in the system is based on the mechanical consideration. Lead is soft metal and can not stand by itself considering the total weight of lead shielding would be more than 3 tons. The steel frame cast with lead is used to support lead. As the most prominent radiative capture -ray, 7.64 MeV is always found in the background spectrum. The third background , which might be less intensive but more energetic, is the 10.829 MeV radiative capture -ray of . Nitrogen always exists in air, so this -ray can also be seen in the background spectrum. The full energy peaks of these three photons are used to calibrate the pulse height distribution. The second order [11] difference of the raw spectrum is used to remove the background spectra under the full energy peaks. The zero-crossing point of the third order difference spectrum with positive slope coefficient is picked as the position of each full energy peak. The energy-channel relationship then is calibrated.
In the contrabands detection, nitrogen is the interested element to notify the existence of explosives, and chlorine is the interested element for drugs or chemical weapons detection. Samples of melamine and salt are tested with this system to verify the analysis sensitivity of N and Cl. Fig. 6 gives the spectra of melamine and salt. The net spectrum of melamine and salt are shown as the shadow area in the figure. The full energy peaks of the N and Cl capture -rays can be clearly seen. Because melamine is H concentrating material, the full energy peak of 2.223 MeV is also present.
To extract the elemental concentration information from the calibrated spectra, two strategies are used for different elements. For H, Cl and Fe, Gaussian curve with the second order background is used to fit their full energy peaks. For N, because its lower energy photons are interfered by the Compton continuum of high energy photons of other elements, the area of full energy, single and double escape peaks of 10.829 MeV , which is more energetic than other photons, is used to count the number of N
IV. FUSION OF X-RAY IMAGING AND PHOTONEUTRON ANALYSIS
In this system, X-ray imaging and photoneutron analysis are simultaneously realized. As shown in Fig. 1 , when inspected materials are scanned, image of mass thickness and 2-dimensional elemental concentrations of N, Cl, H and Fe can be measured within the same scan.
Samples including iron, salt, aluminum, water, melamine and sugar are scanned. All the materials are scanned with speed of 1 cm/s and 5 seconds counting interval. The total scanning time is 500 s so there are 100 spectra acquired in each scan. Fig. 7 shows the sample arrangement and its 7 MV X-ray image. Fig. 8 gives the 100 spectra measured by one of the NaI(Tl) detectors. All the 100 16 spectra measured by 16 NaI(Tl) detectors are all handled to get the 2-dimensional elemental distribution. To each element, the two distributions from back-side detector array and front-side detector array will be handled and merged as one distribution.
An algorithm is developed to fuse X-ray image and the 4 elemental distribution images together. Due to the point spread function (PSF, see Section V for the discussion of it) of the 2-dimensional elemental distributions, the size of the inspected material in X-ray image is somewhat smaller than its size in elemental distribution images. To match the two kinds of images well, a deconvolution method is necessary to remove the point spread function from the images of elemental distribution [12] . In this paper, we did not carry this deconvolution but just "paint" the colors of elements within the borders of materials extracted from the X-ray image by analyzing its gray scale information determined by the photon attenuation. Fig. 9 gives the 4 elemental distribution images (extracted from 43 spectra of the total 100 spectra of each detector of the back-side detector array. The images related with the other 57 spectra are not shown because they just measure the background) and the final fusion result. The count rate of each element of each pixel, which is determined by the position of the detector and the scanning process, in the elemental distribution image is compared with the element's background count rate (extracted from the other 57 spectra of the detector) to make the decision whether the color related with the element should be "painted" within the borders or not. The area of nitrogen concentrating is colorized as pink to notify the operator the possible existence of explosives. The area of chlorine concentrating is colorized as blue to indicate the potential smuggling of drugs or even chemical weapons. 2-dimensional distributions of hydrogen (green), iron (red) and even other elements will help decrease the false positive alarm rate.
V. DISCUSSION AND CONCLUSION
We provide both X-ray image and thermal neutron analysis information with one 7 MV LINAC system. Though only 4 elements (Cl, H, Fe, N) are analyzed in this stage, the preliminary fusion of them demonstrates the potential possibility of finding concealed contrabands like explosives (nitrogen concentrating), chemical weapons or drugs (chlorine concentrating) in cargos or containers.
There are several issues that should be addressed before this technique becomes more feasible, however. (1) In principle, the contrabands cannot be identified only by the elemental distributions because many common materials also consists H, N, Cl and Fe. (2) The materials of different elemental concentrations may overlap with each other in the y direction (see Fig. 1 ) when they are placed in the inspected container or cargo, so the elemental distribution of the illicit material may be interfered by common materials. (3) The point spread function (PSF) of the inspected material caused by the finite aspect ratio of the collimator of the NaI(Tl) detector varies with the distance between the inspected material and the detector. But this distance is unknown.
For the first issue, the combination of different elements, for example, the ratio of N/H, Cl/H, Cl/N, could be used to reduce the false positive alarm rate. The two opposite detector arrays will help address the second and third issues. The distance of the inspected material to the detector arrays could be calculated by analyzing the different response of the opposite arrays. We have conducted a preliminary experiment showing that with the 16 detectors (eight detectors are at back-side and the other eight detectors are at front-side) the position of the inspected materials in y-z plane (see Fig. 1 ) can be determined with the spatial resolution of . This method will help remove the overlap of different materials and the PSF of the inspected material can also be determined because its position is known now.
In this paper, we do not present the measurement results of the front-side detector array because the resolutions of the detectors at front-side are not as good as the detectors at back-side. One possible reason that the front-side detectors show worse performance is that these detectors experience more interference of scattering X-ray pulses than back-side detectors. The afterglow induced by the intense scattering X-ray pulses in the NaI(Tl) detectors perhaps deteriorates their energy resolution. Future research will be conducted to realize better energy resolution in front-side detectors.
